Localization is important for underwater sensor networks as the validity of data and the maintenance of nodes both need location information. Because of the Snell effect caused by non-uniform distribution of sound speed, the signal propagation path is curved, which would lead to errors when traditional linear propagation localization models are used. Sound speed profiles (SSPs) can be used to correct the signal trajectory error according to the ray theory, so as to improve the localization accuracy. To simplify the expression of original SSPs and reduce the computational complexity of ray tracing while guaranteeing the accuracy, we propose a stratified linear SSP simplification method with a distance-minimization-based equal-interval control points searching (DM-EICPS) algorithm. Simulation results show that, compared with other curve approximation algorithms, the DM-EICPS algorithm not only generates simplified SSPs rapidly, but also achieves good SSP approximation accuracy. Moreover, the corrected localization accuracy with simplified SSPs is an order of magnitude higher than the linear propagation model, and the time overhead of ray tracing with simplified SSPs is obviously reduced compared to original SSPs.
INTRODUCTION
In recent years, the exploitation and utilization requirement of marine resources has grown rapidly, with the development of underwater acoustic communication technologies and embedded systems, underwater acoustic sensor networks (UWSNs) have become an effective means of monitoring the ocean environment. Localization is essential for UWSNs because the validity of data and the maintenance of nodes both need location information.
Some underwater acoustic localization algorithms based on received signal strength indication (RSSI) or time of arrival (TOA) information are proposed by researchers [1, 2, 4, 11, 14] , where the sound speed is usually assumed to be constant, and the acoustic signal is considered to be traveling along a straight line. However, the real sound speed is non-uniformly distributed as a function of temperature, salinity and static pressure, which can be expressed by the Medwin formula [6] . Urick [10] points out that the ocean sound speed distribution has obvious stratification characteristics with depth, and it is usually described by sound speed profiles (SSPs). Because of the Snell refraction effect caused by variable sound speed, the bending of sound waves will have a non-negligible impact on underwater acoustic positioning. As the depth can be measured by an equipped pressure sensor, the successful localization of a node requires at least three reference locations. Fig. 1 gives an example to illustrate the effect of variable sound speed on positioning, where R 1 , R 2 , R 3 are three reference buoy nodes that can be directly located through the global positioning system (GPS), V is the real position of a target node to be located, R ′ 1 , R ′ 2 , R ′ 3 are the corresponding projection points of the reference nodes, the solid curves represent the real path of acoustic waves, V ′ is the located position of the target node obtained by a linear propagation model of acoustic waves. When the actual signal propagation time along the curve is utilized in the linear propagation localization model, there will be some ranging errors between the estimated node distance V ′ R n , n = 1, 2, 3 and the real node distance V R n , n = 1, 2, 3, which will reduce the localization accuracy. If the real sound speed distribution is obtained, the measured distance can be corrected through the ray tracing theory, and finally the localization accuracy can be improved.
SSPs are usually measured by a conductance, temperature and depth (CTD) system or a sound velocity profiler (SVP) system [10] , and SSPs can also be obtained through inversion methods based on match field processing (MFP) [7] , artificial neural networks (ANN) [5] , and compressive sensing [3] . The original SSP is a sequence of discrete sound speed points, and if it is directly used for sound waves tracking, the ray theory calculation needs to be conducted between each two adjacent sound speed points, which requires too much time for calculation. Recently, the phenomenon of sound wave refraction is considered in some studies, and some localization correction methods based on ray tracing theory under varying sound speeds are put forward [8, 13] . Zhang et al. [13] adopts a single gradient linear sound speed approximation model, but it is hard to fit the real SSP curve accurately because the real SSP usually appears as S-type in shallow water and C-type in deep water; Liu et al. [8] assumes a three-layer linear SSP for localization, but how to choose suitable control points (linear anchors) and how many control points should be chosen for improving the approximation accuracy have not been discussed. Therefore, a simplified expression method of the SSP is necessary for reducing the calculation overhead while ensuring a certain accuracy of ray tracing. Essentially, the simplified expression of the SSP can be transformed into a curve contour extraction problem.
Polygon approximation criteria are proposed in [9, 12] , such as the minimum mean square error (MSE), minimum closed area and maximum distance reduction. Ramer et al. [9] proposes an iterative sub-optimal depth-first binary tree searching (DFBTS) algorithm based on the maximum distance reduction criterion, where the candidate control points are traversed and selected in the sub-optimal interval during each iteration. The DFBTS has a low calculation cost, but an unreasonable distance threshold setting could result in non-uniform distribution of control points and larger SSP approximation errors. In [12] , a global optimization searching method is proposed based on particle swarm optimization (PSO) according to the minimum MSE criterion. Although it shows better contour extraction performance in complex graphics, it brings high computational problems.
In this paper, we establish a stratified linear SSP simplification model to reduce the computational overhead of ray-tracing-based localization correction while guaranteeing good correction accuracy. We put forward a distance-minimization-based (maximum distance reduction) equal-interval control points searching (DM-EICPS) algorithm for choosing control points of the stratified linear SSP, which can accurately depict the real sound speed distribution over a large depth range with low searching time overhead.
The rest of this paper is organized as follows. The stratified linear SSP simplification model and the DM-EICPS algorithm is proposed in Sec. 2. Simulation results are discussed in Sec. 3, and conclusions are presented in Sec. 4.
STRATIFIED SSP SIMPLIFICATION METHOD 2.1 Stratified SSP Model
The calculation of ray tracing is based on linear gradient SSPs. For original SSPs, one sound speed layer is constituted by two adjacent sampling points, so the computational time complexity of ray tracing is proportional to the number of SSP sampling points. As there are usually hundreds of sampling points for an original SSP, the ray tracing with the original SSP will cause huge computing time overhead. However, if some control points are selected and the original SSP is replaced by a stratified linear SSP based on these control points, the linear gradient layers of the original SSP will be greatly reduced, thus the computational time of ray tracing could be saved.
We establish a stratified SSP model to simplify the original SSP. Fig. 2 shows the stratified SSP model. By reasonably choosing the number and location of control points, the original SSP could be accurately approximated by the new stratified SSP, thus ensuring the accuracy of ray tracing. 
DM-EICPS Algorithm
To improve the approximating accuracy of the stratified linear SSP to the original SSP, we propose a DM-EICPS algorithm to find appropriate control points. Some typical types of SSPs sampled from 0-60 degrees north latitude of the Pacific Ocean are shown in Fig.  3 , which exhibit obvious shape characteristics. The shallow-water sound speed is mainly affected by temperature, and the SSP is S-shaped or slash-shaped distribution with positive or negative gradient. The deep-water SSP changes with depth, showing a C-shaped or slash-shaped distribution. Regardless of the shallow-water or the deep-water SSPs, the curve can be approximated as a two-segment single-convex curve, thus the control point searching can be realized by one-dimensional optimization method. Since the SSP curve is not strictly convex, single-point searching method, such as binary searching, may fall into local optimal solutions, so we adopt an equal-interval searching method to find the optimal interval where the target control point locates. The detailed description of the proposed DM-EICPS is presented in Algorithm 1.
The DM-EICPS algorithm is designed as a global optimal solution searching algorithm. In each iteration, the candidate control point set is composed of several optimal points on sub-curves according to the maximum distance reduction criterion, then the global optimal solution is obtained by quadratic screening, so the final control points would not be unbalanced as [9] . However, the SSP curve is not strictly convex, thus the final result would be sub-optimal that close to the optimal result.
Stratified SSP Based Ray Tracing Theory
For the stratified linear SSP given by Algorithm 1, the total propagation time and horizontal propagation distance of the signal can be derived as a function of the glancing angle, which are presented in [5] as:
where ∆t u is the propagation time of the signal at the uth depth layer, д u o is the gradient of the linear SSP at the uth depth layer, θ u is the glancing angle of the signal at the depth of the uth control point, c(z 0 ) is the initial sound speed, θ (z 0 ) is the initial glancing angle, and ∆x u is the horizontal propagation distance of the signal at the uth depth layer. According to the Snell's law of refraction:
where c u and n u are the sound speed and refractive index at the depth of the uth control point, respectively; and the trigonometric relationship: Step 1: Algorithm initialization: 2: sound speed layer counter cnt = 1;
3:
candidate control point set P tbc = ; 7: upper cache point P up = (z 0 , c(z 0 )); 8: lower cache point P low = (z m , c(z m )); 9: middle cache point P mid = none. 10: Step 2: Condition judgment: 11: if cnt < M, then jump to step 3; 12: else jump to step 4. 13: Step 3: Control point searching and updating: 14: if P mid = none 
the signal propagation time (2) and horizontal propagation distance (3) can be modified as:
where
The formula (6) and (7) indicate that the total signal propagation time and horizontal propagation distance can be derived as functions of the initial glancing angle. Through formula (7) , the signal initial glancing angle can be estimated when the calculated signal propagation time matches with the measured one, then the estimation value of horizontal propagation distance can be calculated by substituting the signal initial glancing angle into formula (6) , so as to correct the ranging and localization results. 
Algorithm Complexity Analysis

SIMULATION RESULTS
To verify the effectiveness of the proposed DM-EICPS algorithm, we make some simulation experiments on the SSP approximation accuracy, algorithm time complexity and localization correction effect. The depth information is obtained by pressure sensors, which is considered as prior information; and the node clock is assumed to be synchronized.
For the SSP approximation accuracy, we simplify 130 original SSPs (60 shallow-water SSPs sampled from 120-130 degrees west longitude, 30-40 degrees north latitude, and 70 deep-water SSPs sampled from 00-40 degrees north latitude at the Pacific Ocean) by the DM-EICPS algorithm with different numbers of layers, and results are compared with [9] (0.2 m/s distance threshold) and [12] (50 particles and iteration times). Fig. 4 gives the comparison between stratified linear SSPs and original SSPs with 6 layers. The stratified linear SSPs generated by our DM-EICPS algorithm and the PSO searching algorithm can accurately express the original SSP; while control points of the SSP generated by the DFBTS algorithm [9] are non-uniformly distributed due to the inappropriate distance threshold setting, which reduces the SSP approximation accuracy. 5 shows the average MSE of 130 SSPs with different numbers of layers. When the number of layers is equal to 1, the approximate SSPs obtained by different algorithms are all the same, which is a single gradient SSP between the transmitting node depth and the receiving node depth. As the number of layers increases, the DM-EICPS algorithm performs best in terms of the error reduction rate and the approximation accuracy. To evaluate the time overhead performance of the DM-EICPS algorithm, the execution time on the above 130 SSPs with given layer numbers 1-8 are tested. Fig. 6 shows the average computational time of different SSP approximation algorithms. When the layer number is 1, the SSP is obtained according to the sound speed of the depth where the transmitting node and the receiving node are located, thus the execution time of each algorithm is the same. However, as the layer number increases, the control point searching time of the DFBTS and our DM-EICPS algorithm is of the same order of magnitude, which is much smaller than the time consumption of the PSO searching algorithm.
To evaluate the SSP approximation effect on localization accuracy, we introduce the Monte Carlo method to locate randomly distributed underwater sensor nodes with a given SSP. The simulation area for localization test is set to be 10km * 10km * 3km, and the communication range of each node is 3.2km. We consider 200 nodes that are randomly distributed at the depth between 1000 m and 3000 m and 100 uniformly deployed buoy nodes over the water surface. The TOA is used for localization, and the time measurement error is Gaussian distributed with zero mean and standard deviation of 0.1 ms. Fig. 7 is the comparison of localization accuracy and time overhead with and without ray-tracing-based localization corrections, where Fig. 7 (a) presents detailed localization errors of 200 underwater sensor nodes in meters, Fig. 7 (b) gives the average localization error, and Fig. 7 (c) shows the normalized calculation time of ray tracing with the original SSP or the stratified linear SSP generated by DM-EICPS. The constant speed term is calculated by a linear propagation localization model at a sound speed of 1500 m/s. After ray tracing correction by the approximation SSP generated with the DFBTS, the PSO and the DM-EICPS algorithms, the localization error is reduced, and the location correction effect is better achieved with the SSPs of the PSO and the DM-EICPS algorithms. Through the comparison with Fig. 7 (b) and Fig. 7 (c) , the localization correction with DM-EICPS-generated SSPs not only maintains good accuracy, but also significantly reduces the computational overhead.
CONCLUSIONS
Ray tracing is widely used in underwater positioning correction. To reduce the computational time complexity of ray tracing while maintaining good ray tracing accuracy, we establish a stratified linear SSP simplification model with a proposed low complexity DM-EICPS algorithm. The simulation results show that stratified SSPs obtained by DM-EICPS algorithm exhibits good approximation accuracy and low time overhead performance. With the simplified SSP, high localization accuracy and low computational complexity of ray tracing can be guaranteed at the same time.
